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Background Of The Invention 

This invention relates to improved catalysts for the oxidation of carbon monoxid and methods of preparing 
these catalysts. The catalysts of this invention convert carbon monoxide, produced by the combustion of car- 
5 bonaceous heat sources, to a benign substance such as carbon dioxide. The catalysts and methods of this 
invention are particularly suitable for use in a smoking article such as that described in copending United States 
patent application Serial No. 223,153, filed on July 22, 1988 (PM-1322) and commonly assigned herewith. 

The catalysts of this invention comprise mixed transition metal oxide catalysts and catalyst supports. 
According to the methods of this invention, the catalysts are prepared using a sequential precipitation process 
10 which generates catalysts that contain substantially layered metal oxides, and, in some embodiments, a noble 
metal or mixtures of noble metals layered on the metal oxides. 

There have been previous attempts to provide catalysts containing metal oxides and mixed metal oxides 
alone and in combination with noble metals or their oxides for the oxidation of carbon monoxide to carbon 
dioxide. There have also have been previous attempts to provide methods for the manufacture of such catalysts. 
15 These attempts have not produced catalysts having all of the advantages of the catalysts of the present inven- 
tion. 

For example, Callahan et al. U.S. patent 3,546,1 38 refers to oxidation catalysts that consist of a base catal- 
yst containing the mixed oxides of antimony and iron, on a silica carrier, formed by coprecipitation. The for- 
mation of these catalysts is facilitated by a metal oxide promoter, which is incorporated into the base catalyst 

20 by coprecipitation or impregnation. 

Haruta et al. U.S. patent 4,698,324 refers to a method for the manufacture of a composite catalyst having 
gold or a mixture of gold and an oxide of chromium, manganese, iron, cobalt, nickel, or copper, which is depo- 
sited on a carrier by coprecipitation. The method requires that urea and/or acetamide be used as a precipitant 
to facilitate the deposit of the gold/metal oxide mixture on a support in a single step reaction. 

25 Haruta et al., Journal of Catalysis , 115, pp. 301-09 (1 989), Haruta et al.. Proceedings - International Con- 

gress on Catalysts. 3, pp. 1206-1313 (1988), and Haruta et al., Chemistry Letters , 2, pp. 405-408 (1987), refer 
to catalysts containing gold in combination with a single transition metal oxide that are prepared using a cop- 
recipitation method. 

Haruta, et al., Advanced Hydrogen Energy, 2, pp. 11 35-47 (1981), refers to mixed transition metal oxide 
30 catalysts used in the catalytic combustion of hydrogen. 

Bond et al., Chemistry and Industry , pp. 878-79 (1967), refers to mixed noble metal oxides for use in hyd- 
rogenation reactions. The mixed noble metal oxides contain platinum and either iron, cobalt, nickel or copper, 
or palladium and either cobalt or nickel. 

Bond et al. United kingdom patent 1,134,1 1 1 describes homogeneous catalyst mixtures comprising a plath 
35 num group metal oxide and a base metal oxide prepared by the fusion of the mixed salts to give the mixed 
oxides. 

European patent application 0 130 835 describes composite mixed metal oxide catalysts of lanthanum, 
neodymium or praseodymium, or mixtures thereof, supported by aluminum oxide, prepared by a coprecipitation 
or an impregnation method. 

40 Japanese patent publication no. Sho 61/1986-227842 refers to carbon monoxide removing catalysts that 

are all based on the presence of manganese dioxide and palladium. These catalysts achieve less carbon mono- 
xide oxidation than the catalysts of the present invention. 

Japanese patent publication no. Sho 50/1975-36387 refers to hopocalite catalysts consisting of mangan- 
ese or manganese oxide that are prepared using a coprecipitation method. 
45 Japanese patent publication no. Sho 52/1977-139684 refers to mixed metal oxide catalysts prepared 

through the decomposition of a combination of acetates. 

Japanese patent publication no. Sho 54/1979-1 12793 refers to mixed metal oxide catalysts prepared using 
coprecipitated Fe 2 CVAl20 3 on which a catalytically active metal is supported. 

Japanese patent publication no. Sho 63/1 988-252908 refers to ultra-fine gold particles which are supported 
50 by a metal oxide, prepared by the reduction of a gold salt in the presence of the metal oxide, a procedure com- 
monly used to prepare metal catalysts supported on metal oxides. 

These previous attempts differ from th methods of the present invention in that they use coprecipitation 
to prepare the catalysts, not sequential precipitation. As a result, the catalysts produced do not have the chem- 
ical properties f the catalysts of the present invention and, accordingly, do not hav all of the advantages of 
55 the present invention. 
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Brief Description Of The Drawings 

Figure 1 represents the extent of CO oxidation with respect to temperatur for one mbodiment of a layered 
mixed oxide catalyst of this invention. 

Figure 2 represents the extent of CO oxidation with respect to temperature for another embodiment of a 
layered mixed oxide catalyst of this invention. 

Summary Of The Invention 

It has been desired to provide catalysts for the conversion of carbon monoxid to a benign substance. 
It has also been desired to provide catalysts that are active at room temperature as well as at the tem- 
peratures reached in a combusting carbonaceous heat source. 

It has also been desired to provide catalysts that oxidize virtually all carbon monoxide produced upon com- 
bustion of a carbonaceous heat source. 
15 to provide a method for producing a layered metal oxide catalyst 

It has also been desired to provide methods for producing layered metal oxide catalysts, both supported 
and unsupported, which allow for control of end-product composition. 

In accordance with this invention, there is provided improved methods for making metal oxide catalysts 
which are particularly useful in a smoking article. The catalysts made by the methods of this invention comprise 
20 transition metal oxide catalysts having a plurality of metal oxide layers. 

The catalysts of this invention are prepared by layering different metal oxides, one upon the other. It was 
discovered that the sequential precipitation of metal oxides, one upon the other, provides several advantages 
over prior coprecipitation methods. In coprecipitated oxides, both materials are uniformly distributed throughout 
the surface and the amount of catalytically active material on the surface is not easily determined or regulat d. 
25 When sequential precipitation is used, the metal oxide that is precipitated last is present only on the surface 
and therefore its quantity can be determined and regulated. Furthermore, the sequential layering of the metal 
oxide precursor layers during preparation permits the formation of the required finely divided outer layer of metal 
oxide on the surface of the catalyst and facilitates the interaction between the metal oxides needed to provide 
a synergistic effect in the catalytic process. 
30 The metal oxides can also be placed on a "support/ an inert material that does not enter the carbon mono- 

xide conversion reaction, but rather facilitates that reaction by enhancing the sites at which those reactions take 
place. 

In another embodiment of this invention, noble metals, or mixtures thereof, are layered on the mixed tran- 
sition metal oxide catalysts. These catalysts may also be placed on a support. Any noble metal may be used 
as to make the catalysts of this invention, although considerations such as cost and availability typically enter into 
the decision as to which noble metal to use. 

Noble metals are generally active over a wide range of temperatures and are known to have high activities 
at low temperatures. Noble metals, however, are also known to have low resistance to toxic compounds, such 
as lead and sulfur compounds, and are subject to sintering at high temperatures, which impair their effective- 
40 ness. Metal oxide catalysts have greater resistance to toxic compounds, but display reduced activity when used 
alone at lower temperatures. 

The catalysts of this invention overcome these disadvantages inherent in noble metal and metal oxide catal- 
ysts previously used in carbon monoxide conversion. It was discovered that by layering different metal oxides, 
the resultant mixed metal oxide catalysts display increased activity at reduced temperatures. When noble met- 
45 als are added to the metal oxide catalysts, the noble metal is layered onto the layered metal oxide structure. 
This catalyst takes advantage of the desirable characteristics of the noble metal, while at the same time th 
presence of the mixed metal oxides reduces the undesirable sintering effects usually seen with noble metals. 

The catalysts of this invention undergo surprisingly active oxidation reactions at relatively low temperat- 
ures, i.e., between about 30°C and about 40°C. As the temperature increases, i.e., to between about 90°C and 
so about 100°C, carbon monoxide is oxidized more rapidly to a benign substance. As used herein, a "benign sub- 
stance" is a substance which, in the amounts that remain in the heat source, possesses minimal toxicity. These 
include carbon dioxid , carbonate, and carbon. 

A particular advantage of these catalysts is that when used in smoking articles th y provide a significant 
level of oxidation of carbon monoxide but very low ads rption of desirable ingredients which provide the desi- 
55 rable flavor of the smoke. The catalysts als remove other undesirable and potentially toxic material from the 
smoke, such as formaldehyde. 

According to one embodiment of this invention, the layered mixed transition metal oxide catalyst is pro- 
duced by combining a solution of a metal oxide saltwith an aqueous solution of a bas toform ametal hydroxide. 
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An aqueous solution of a salt of a second metal is then added to the suspension of the metal hydroxide forming 
a second layer of the metal hydroxide on the particles of the first metal hydroxide in the aqueous suspension. 
The resulting precipitate is then collected and heated to dehydrate each of the metal hydroxides of the sus- 
pension to produce a mixed metal oxide, which has one metal oxide layered on a core of a different metal oxide. 
5 This method can be modified to include as a first step the addition of an aqueous solution of the first metal oxide 
salt to a suspension of a support in aqueous base to produce a metal hydroxide layered on the support. The 
addition of an aqueous solution of a salt of a second metal produces a second metal hydroxide layer on the 
first metal hydroxide layer. After separation and heating, this method produces a two-layered mixed metal oxide 
on the support. 

10 According to another embodiment of this invention, following the formation of the layered metal hydroxides 

as described above, an aqueous solution of formaldehyde is added to the suspension, followed by the addition 
of an aqueous solution of an acid or salt of a noble metal. This product is then heated to dehydrate each of the 
metal hydroxides and to reduce the noble metal salt or acid of the suspension to produce a noble metal layered 
upon a layered mixed metal hydroxide. As with the first embodiment this method can be modified to include 

is as a first step the addition of an aqueous solution of the first metal oxide salt to a suspension of a support in 
an aqueous solution of the base. After continuation of the procedure as described above, this method produces 
a noble metal layered on a layered mixed metal oxide on a support 

While the catalysts of this invention are particularly useful for the catalytic conversion of carbon monoxide 
emitted from smoking devices, it is to be understood that the catalysts are also useful for the catalytic conversion 

20 of carbon monoxide in other applications, including devices used for the conversion of carbon monoxide from 
carbonaceous heat sources such as automobile exhaust conversion devices and indoor air purifiers. 

Detailed Description Of The Invention 

25 The metal oxides of the invention may be formed from the salt of any metal that is capable of being con- 

verted to a metal oxide having catalytic properties. Preferably, the metal salt is selected from the group con- 
sisting of the nitrates or chlorides of titanium, chromium, iron, cobalt nickel, copper, zinc, molybdenum, 
tungsten, and tin. More preferred metal salts are cobalt(l I) nitrate having the formula Co(N0 3 )2-6H20 and 
iron(ll)nitrate having the formula Fe(N0 3 ) 3 -9H 2 0. 

30 The metal salt is first combined with a base which produces the desired result of converting the metal nitrate 

or chloride to an insoluble metal hydroxide. Any number of bases may be used that are suitable for this purpose. 
Preferred bases include an alkali metal hydroxide, carbonate or bicarbonate, and urea or ammonia. More pre- 
ferred bases contain an alkali or alkaline earth metal cation and an anion selected from the group consisting 
of hydroxides and bicarbonates, and include sodium bicarbonate, sodium hydroxide, potassium carbonate, and 

35 lithium hydroxide. Most preferably, the base is sodium carbonate. 

The combining of the metal salt and the base can be accomplished using one of two methods. Either th 
aqueous solution of the metal salt can be added to the, solution of the base, or the solution of the base can be 
added to the aqueous solution of the metal salt. In combining the metal salt and the base, a sufficient amount 
of the base should be present to convert all of the metal salt to a metal hydroxide. 

40 Prior to the addition of the second metal salt to produce the second metal hydroxide, the first metal hyd- 

roxide may be separated, purified, and possibly heated and calcined. The resulting material can then be placed 
in a solution of aqueous base and the preparation procedure continued by the addition of the solution of th 
second metal salt. 

Following the formation of the metal hydroxide from the reaction of the metal salt and the base, a solution 
45 of a second metal salt is added. This metal salt should also be a salt of a metal that is capable of being converted 
to a metal oxide having catalytic properties. Preferably, the second metal salt is selected from the group con- 
sisting of the nitrates and chlorides of titanium, chromium, iron, cobalt nickel, copper, zinc, molybdenum, tung- 
sten, and tin. A more preferred metal salt is tin chloride having the formula SnCI 2 . 

In combining the second metal salt and the metal hydroxide, a sufficient amount of the metal salt should 
50 be added to yield a suitable second layer of metal oxide. Preferably, the ratb of the metal salt to the metal hyd- 
roxide should range from about 1:50 to about 1:4, and, more preferably, from about 2:50 to about 1:10. 

To produce a layered mixed metal oxid which is on a support the base solution that is combined with the 
first metal salt may be first combined with a suspension of a support material. The base can be combined with 
the support suspension in a solvent 
55 The preferred solvent for these procedures is water. However, the use of other solvents, particularly 

aqu ous mixtures, is not pr eluded. Th primary criteria for the selection of the solvent is its capability to dis- 
solve both metal salts and the base and y t not dissolv the metal hydroxides produced. 

Any number of support materials are suitable as a support for the catalyst. The choice of an effective support 
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for the present invention depends upon the intended use of the catalyst. Useful supports for catalysts used in 
smoking devices include ceramics and zeolites. Preferred ceramics'include ceramics of alumina and titania. 
Preferred zeolites include any of a variety of man-made and naturally occurring crystalline aluminosilicates hav- 
ing a small enough pore structure to allow for the passage of carbon monoxide but not the larger molecules 
5 present in gas phase cigarette smoke. Preferred pore sizes may range from about 3A to about 20A. More pre- 
ferred pore sizes range from about 5A to about 13A. 

Other support materials, e.g., other insulator oxides and semiconductor oxides, porous carbon or a metal 
mesh, foam, or pellet, are useful for catalysts in such applications as automobile exhaust conversion devices 
and indoor air purifiers. 

10 An additional layer of a noble metal, or mixture of two noble metals, may be added upon the layered metal 

oxide catalyst of this invention. Preferred noble metals of the invention include any of the group VIII and lb noble 
metal, alone or in combination with a different noble metal, specifically gold, silver, platinum, palladium, 
rhodium, ruthenium, osmium, and iridium, and mixtures thereof. More preferred noble metals are gold, platinum, 
and palladium. 

15 In combining the metal oxide and the noble metal, sufficient amount of the noble metal should be added 

to yield a suitable layer of the noble metal. Preferably, the noble metal should range up to about 5.0% by weight 
of the layered metal hydroxide mixture, and, more preferably, between about 0.1% and about 1.0% by weight 
of the layered metal hydroxide mixture. 

The mixed hydroxides are then separated by any known method including filtration or centrifugation. Fol- 

20 lowing this separation step, the precipitate is washed thoroughly. It is believed that the washing operation 
removes soluble salts and other impurities from the catalyst, which may hinder the activity of the catalyst. While 
water is an acceptable washing agent because of its low cost and availability, and delonized water is preferred, 
other suitable solvents may be employed. The calcined catalyst may be washed by contacting the catalyst with 
the solvent by known techniques, e.g., passing the solvent through a column containing the catalyst. The wash- 

25 ing time may vary widely, up to about 12 hours, and preferably up to about 2 hours. Ambient temperature is 
suitable for the washing step, although higher or lower temperatures may be employed. 

The resulting precipitate is then heated to dehydrate the layered metal hydroxide to form the layered metal 
oxide catalyst The heating step is generally carried out in an inert or oxidizing atmosphere, preferably in a free 
oxygen containing gas atmosphere, such as air. Preferably, the reaction takes place at a temperature between 

30 about 95°C and about 500°C, more preferably, between about 300°C and about 400°C. The heat may be 
applied uniformly throughout the calcination step or may be gradually increased until the appropriate reaction 
temperature is reached. This calcination procedure is generally carried out for between 1 hour and 12 hours 
so as to calcine the hydroxide. 

35 Example 1 

Sn0 2 Co 3 0 4 

We prepared a layered mixed metal oxide catalyst consisting of tin oxide (SnOz) layered over 
cobalt(ll,lll)oxide (Co 3 0 4 ), using a sequential precipitation method. In this method, we added 10 ml of an 

40 aqueous solution of 6.75 grams of cobalt(ll)nitrate Co(N0 3 ) 2 -6H 2 0 dropwise to 30 ml of an aqueous solution 
of 2 molar Na 2 C0 3 under vigorous stirring conditions. This suspension was stirred vigorously for one-half hour, 
yielding a cobalt hydioxide (Co(OH) 3 ) precipitate. To this suspension, we added dropwise 10 ml of an aqueous 
solution of tin(ll)chloride (SnCy, in varying concentrations given below for different experimental runs, under 
vigorous stirring conditions. This'suspension was then stirred for one hour and the precipitate containing tin 

45 hydroxide (SntOH)^ layered on cobalt hydroxide (Co(OH) 3 ) was separated, washed and centrifuged several 
times until an absence of detectable quantities of Cl~ was found. We dried the resulting precipitate for 1 2 hours 
at 95°C and then calcined it at 380°C for 4 hours. This calcination procedure yielded a solid catalyst comprising 
Sn0 2 layered over a Co 3 0 4 core. 

We prepared this catalyst using this method over a range of different concentrations of the SnCI 2 solution. 

so The weight of SnCI 2 added was varied from 0.0 grams to 0.862 grams. Using this method, the temperatur at 
which a level of 50% conversion of CO was reached OWC) was examined to determine the optimum level of 
SnCI 2 concentration. The results are given in the following table: 



55 
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% Sn 


SnCl^ 


Co(NO a ) 2 


T °C 
50 




(gmsj - 


(gins) 




15 


0.862 


6.75 


48 


10 


0.575 


6.75 


49 


8 


0.455 


6.75 


49 


6 


0.334 


6.75 


119 


4 


0.220 


6.75 


68 


2 


0.110 


6.75 


139 


1 


0.050 


6.75 


139 


0 


0.000 


6.75 


161 



This table shows that the preferred concentration of SnCI 2 for catalytic conversion of CO was 0.445 grams. 
The overall temperature ranges through which the percentage conversion of carbon monoxide is from 0.0% to 
20 100% for the catalysts prepared in this method are shown in FIG. 1. 



Example 2 

Sn0 2 C0 3 0 4 

25 We repeated the general procedure of example 1, with the exception that in the first step of the process 

we added the solution of the base, 2 molar Na 2 C0 3 , under vigorous stirring conditions to an aqueous solution 
of 6.75 grams of Co(N0 3 ) 2 -6H 2 0 until a pH of between 8.5 and 9 was obtained. As in example 1, a 10 ml aqueous 
solution of SnCI 2l in varying concentrations given below for different experimental runs, was then added under 
vigorous stirring conditions. The resulting precipitate, comprising S^OHfe layered over Co(OH)3, was then 

30 separated, washed, dried, and calcined using the procedures described in example 1. 

We prepared the catalyst using this method over a range of different concentrations of the SnCI 2 suspen- 
sion. The weight of SnCI 2 added was varied from 0.0 grams to 0.862 grams. Using this method, the temperature 
at which a level of 50% conversion of CO was reached (T^C) was examined to determine the optimum level 
of SnCI 2 concentration. The results are given in the following table: 



% Sn 


SnCl, 
(gmsf 


CO (NO.) 2 

(gins) 




15 


0.862 


6.75 


126 


10 


0.575 


6.75 


105 


8 


0.455 


6.75 


89 


6 


0.334 


6.75 


62 


4 


0.220 


6.75 


58 


2 


0.110 


6.75 


105 


1 


0.050 


6.75 


126 


0 


0.000 


6.75 





This table shows that the preferred concentration of SnCI 2 for catalytic conversion of CO was between 0.220 
grams and 0.334 grams. The overall temperature ranges through which the percentage conversion of carbon 
55 monoxid is from 0.0% to 1 00% for the catalysts prepared in this method are shown in FIG. 2. 
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Example 3 

Au/1 Sn0 2 Co 3 0 4 Si0 2 

We prepared a layered mixed metal oxide catalyst consisting of gold layered on a second metal oxide, 
5 Sn0 2 , layered on a first metal oxide, Co 3 0 4 , which was layered on a support of silicon oxide (SiO^. In this pro- 
cedure, we added dropwise 40 ml of an aqueous solution consisting of 5.25 grams of Co(N0 3 )2-6H20 to 70 ml 
of an aqueous suspension containing 15.0 grams of S1O2 (Davison, grade 56) and 2 molar Na 2 C0 3 , under vigor- 
ous stirring conditions. To this suspension was added 10 ml of an aqueous solution of 0.0452 grams of SnCI 2 , 
also under vigorous stirring conditions. To this suspension was added 0.5 ml of an aqueous solution of 37% 
10 formaldehyde (HCHO). To this suspension was added 1 0 ml of an aqueous solution of chloroauric acid (HAuCI 4 ) 
at a rate of 2 ml per minute. The resulting suspension was then stirred for two hours and the resulting precipitate 
was separated, washed and centrifuged several times until an absence of detectable quantities of CI" was 
found. We dried the resulting precipitate for 12 hours at 95°C and then calcined it at 380°C for 4 hours. This 
calcination procedure yielded a solid catalyst comprising gold layered on Sn0 2t layered on Co 3 0 4 , which was 
15 layered over a core of Si0 2 support Using this method, we found that T^c was reached at 140°c using th 
preferred concentration by atomic weight comprising 2% Au, 1.2% Sn0 2 and 7.4% Co 3 0 4 . 

Example 4 



Au/2Sn0 2 Co 3 0 4 Si0 2 

We repeated the procedure of example 3, with the exception that in the second step of the procedure, we 
added 10 ml of an aqueous solution containing 0.0904 grams of SnCI 2 . This meithod yielded a modification of 
the catalyst of example 3, Au/2Sn0 2 Co 3 O 4 Si0 2 . Using this procedure, we found that T50 o c was reached at 240°c 
using the preferred concentration by atomic weight comprising 1.9% Au, 2.3% Sn0 2 , and 6.9% Co 3 0 4 . 

Example 5 



Pt/1 Sn0 2 Co 3 0 4 Si0 2 

We prepared a layered mixed metal oxide catalyst consisting of platinum layered on a second metal oxid , 
30 Sn0 2 , layered on a first metal oxide, Co 3 0 4 , which was layered on an SiO z support In this method, we added 
40 ml of an aqueous solution of 5.25 grams of co(N0 3 ) 2 -6H 2 0 dropwise to 70 ml of an aqueous suspension f 
15 grams of Si0 2 (Davison, grade 56) and 2 molar Na 2 C0 3 , under vigorous stirring conditions. To this susp n- 
sion was added 10 ml of an aqueous solution of 0.0452 grams of SnCI 2 , also under vigorous stirring conditions. 
This suspension was heated to 90°C, and then to this suspension was added an aqueous suspension of 10 
35 ml of 0.1036 grams of chloroplatinic acid (H 2 PtCI 6 -6H 2 0) at a rate of 1 milliliter per minute. To this suspension 
was added 0.5 ml of an aqueous solution of HCHO. The resulting suspension was kept at the 90°C temperature 
for one hour. The resulting suspension was then stirred for two hours and the precipitate was separated, washed 
and centrifuged several times until an absence of detectable quantities of CI" was found. We dried the resulting 
precipitate for 12 hours at 95°C and then calcined at 380°C for 4 hours. This calcination procedure yielded a 
40 solid catalyst comprising platinum layered on Sn0 2t layered on Co 3 0 4) layered over an SiO z support Using 
this procedure, we found that T^C was reached at 196°C using the preferred concentration by atomic weight 
of 2.1% Pt 1.2% SnQ 2l and 7.6% Co 3 0 4 . 

Example 6 

45 

Pt/2Sn0 2 Co 3 0 4 Si0 2 

We repeated the procedure of example 5, with the exception that the 1 0 ml aqueous solution of SnCI 2 con- 
tained 0.0904 grams of SnCI 2 , and the HCHO solution was not added. This amended procedure yielded a modi- 
fication of the catalyst of example 5, platinum layered 2Sn0 2 layered on Co 3 0 4 , on a catalyst support of Si0 2 . 
so Using this procedure, we found that T^C was reached at 205°C using the preferred concentration by atomic 
weight of 2% Pt, 2.3% SnQ 2 and 6.8% Co 3 0 4 . 



Exampl 7 

55 Pd/1Sn0 2 Co 3 0 4 Si0 2 

We prepared a layered mixed metal oxide catalyst consisting of palladium layered on a second metal oxide, 
Sn0 2 , layered on a first metal oxide, Co 3 0 4 , which was layer d on an Si0 2 support In this method, we added 
40 ml of an aqueous solution of 5.25 grams of Co^O^e^O dropwise to a 70 ml aqueous suspension of 15 
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grams of Si0 2 (Davison, grade 56) and 2 molar Na 2 C0 3 , under vigorous stirring conditions. To this suspension 
was added 1 0 ml of an aqueous solution of 0.0452 grams of SnCI 2t also under vigorous stirring conditions. This 
suspension was heated to 90°C, and then to this suspension was added an aqueous solution of 10 ml of 0.0589 
grams of sodium chloropallidate (Na 2 PdCI 4 ) at a rate of 1 milliliter per minute. To this suspension was added 

5 0.05 ml of an aqueous solution of HCHO. The resulting suspension was kept at the 90°C temperature for 10 
minutes. The resulting suspension was then stirred for two hours and the precipitate was separated, washed 
and centrifuged several times until an absence of detectable quantities of cr was found. We dried the resulting 
precipitate for 12 hours at 95°C and then calcined it at 380°C for 4 hours. This calcination procedure yielded 
a solid catalyst comprising palladium layered on the Sn0 2 , layered on Co 3 0 4 , layered over an Si0 2 support. 

10 Using this procedure, we found that T^C was reached at 144°C using the preferred concentration by atomic 
weight comprising 1.1% Pd, 1.2% Sn0 2 and 7.6% C03O4. 

Example 8 

15 Pd/2Sn0 2 Co 3 0 4 Si0 2 

We repeated the procedure of example 7, with the exception that the 1 0 ml aqueous solution of SnCI 2 con- 
tained 0.0904 grams of SnCI 2 . This amended procedure yielded a modification of the catalyst of example 7 f 
palladium layered on 2Sn0 2 layered on Co 3 0 4 , on an Si0 2 support. Using this procedure, we found that T^C 
was reached at 161°C using the preferred concentration by atomic weight comprising 1.1% Pd, 2.3% Sn0 2 , 

20 and 6.4% Co 3 0 4 . 

Example 9 

AuPd/Sn0 2 Co 3 0 4 

25 We prepared a layered mixed metal oxide catalyst consisting of a mixture of gold and palladium layered 

on a second metal oxide, Sn0 2 , layered on a first metal oxide, Co 3 0 4 . In this method, we added 15 ml of an 
aqueous solution of 6.75 grams of Co(N 03^-6^0 dropwise under vigorous stirring conditions to a 40 ml 
aqueous solution containing 2 molar Na 2 C0 3 . To this suspension was added 10 ml of an aqueous solution of 
0.0862 grams of SnCI 2 , also under vigorous stirring conditions. To this suspension was added an aqueous sol- 

30 ution of 15 ml of a combined solution of 0.031 grams of palladium nitrate (Pd(N0 3 ) 2 ) and 0.053 grams of 
chloroauric acid (HAuCI 4 ). The resulting suspension was then stirred for two hours and the precipitate was sepa- 
rated, washed and centrifuged several times until an absence of detectable quantities of CI" was found. We 
dried the resulting precipitate for 12 hours at 95°C and then calcined at 380°C for 4 hours. This calcination pro- 
cedure yielded a solid catalyst comprising a mixture of 0.5% gold and 0.5% palladium layered on Sn0 2 , layered 

35 on Co 3 0 4 . 

We prepared the catalyst using this procedure over a range of different concentrations of Au and Pd. The 
results are given in the following table: 



50 



% Au 


% Pd 


% Sn0 2 


% Co 3 0 


1.0 


0.0 


15.0 


84.0 


0.8 


0.2 


15.0 


84.0 


0.6 


0.4 


15.0 


84.0 


0.5 


0.5 


15.0 


84.0 


0.4 


0.6 


15.0 


84.0 


0.2 


0.8 


15.0 


84.0 


0.0 


1.0 


15.0 


84.0 



40 



46 
75 

45 ft ' A 15.0 84.0 131 



128 
109 
114 
68 



Example 10 

55 PtRh/CuOCo30 4 

We prepar d a layer d mixed metal oxide catalyst consisting of a mixtur of platinum and rhodium layered 
on a second metal oxide, copper oxide (CuO), layered on a first metal oxide, C03CV In this procedure/we added 
dropwise 15 ml f an aqueous solution consisting of 6.75 grams of Co(N0 3 )2 2H 2 0 to 35 ml of an aqueous sol- 
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10 



15 



40 



ution of 2 molar Na 2 C0 3 , under vigorous stirring conditions. To this suspension was added 10 ml of an aqueous 
solution of 0.534 grams of copper nitrate (Cu(N0 3 )2), also under vigorous stirring conditions. This suspension 
was stirred for one half hour. To this suspension was then added an aqueous solution of 10 ml of a combined 
solution of 0.066 grams of chloroplatinic acid (H 2 PtCI 6 -6H 2 0) and 0.033 grams of rhodium chloride (RhCI 3 ). The 
suspension was then heated to 80°C and 1 ml of HCHO was added. The resulting suspension was then stirred 
for one hour, after which the precipitate was separated, washed and centrifuged several times until an absence 
of detectable quantities of CP was found. We dried the resulting precipitate for 12 hours at 95°C and then cal- 
cined it at 380°C for 4 hours. This calcination procedure yielded a solid catalyst comprising a mixture of 0.5% 
platinum and 0.5% rhodium layered on CuO, layered on C02O4. 

We prepared the catalyst using this procedure over a range of different concentrations of Pt and Rh. The 
results are given in the following table: 



% Pt % Rh % CuO % Co 3 0 4 T 50 *C 



!.0 0-0 9-0 90.0 81 

20 0#8 o.2 9.0 90.0 71 

0.4 9.0 90.0 81 

0.5 9.0 90.0 90 

0.6 9.0 90.0 97 

0.8 9.0 90.0 90 



0.6 
0.5 
0.4 
0 2 

25 olo 1.0 9.0 90.0 81 




, 1 . A layered metal oxide catalyst for use in oxidising carbon monoxide comprising a plurality of metal oxide 
layers, in which the metal oxides are titanium, chromium, iron, cobalt, nickel, copper, zinc, molybdenum, tung- 
35 sten, or tin oxide. 

2. A catalyst according to claim 1, in which the catalyst contains two metal oxide layers and the ratio of 
weight of the second metal oxide to the weight of the first metal oxide is from 1 :50 to 1 :4. 

3. A catalyst according to claim 1 or 2, in which the catalyst contains two metal oxide layers and the ratio 
of weight of the second metal oxide to the weight of the first metal oxide is from 2:50 to 1:10. 

4. A catalyst according to claim 2 or 3, in which the first metal oxide is cobalt (ll.lll) oxide and the second 
metal oxide is tin oxide. 

5. A catalyst according to an vpreceding dainry further comprising one or more noble metals, the noble metal 
or mixture being layered upon the outer metal oxidelayer. 

6. A catalyst according to claim 5, in which the ratio of the weight of the noble metals to the weight of the 
45 metal oxides is from 0.1 % to 5.0%. 

7. A catalyst according to claim 5 or 6, in which the ratio of the weight of the noble metals to the weight of 
the metal oxides is from 0.1% to 1.0%. 

8. A catalyst according to claim 5, 6 or 7, in which the noble metal is gold, silver, platinum, palladium, 
rhodium, ruthenium, osmium or iridium or a mixture thereof. 

50 9. A catalyst according to any preceding claim, further comprising a support material upon which the first 

metal oxide is layered. 

10. A catalyst according to claim 9, in which the support material is at least one of a ceramic, a zeolite, 
porous carbon, porous paper, and a metal mesh. 

11. A layered metal oxide catalyst according to any preceding claim for use in oxidising carbon monoxide 
55 comprising a support material, two metal oxid layers and an out r noble metal layer, in which the support ma- 
terial is silicon dioxide, the first metal oxide layer is cobalt (ll.lll) oxide, the second metal oxid layer is tin oxide, 
and the nobl metal is gold or platinum or mixtur thereof. 

12. A layered metal oxide catalyst according to any of claims 1 to 1 0 for use in oxidising carbon monoxide 
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comprising a support material, two metal oxide layers and an outer noble metal layer, in which the support ma- 
terial is silicon dioxide, the first metal oxide layer is cobalt (ll.llf ) oxide, the second metal oxide is copper oxide, 
and the noble metal comprises platinum and rhodium. 

13. A method for producing a layered metal oxide catalyst for use in oxidizing carbon monoxide comprising: 

(a) adding an aqueous solution of a salt of a first metal oxide to an aqueous solution of a base; 

(b) adding to the suspension of step (a) an aqueous solution of a salt of a second metal oxide; 

(c) isolating the precipitate resulting from step (b); and 

(d) heating the precipitate, the metal oxides being titanium, chromium, iron, cobalt, nickel, copper, zinc, 
molybdenum, tungsten, or tin oxide. 

14. A method according to claim 13, in which the precipitate from step (c) is heated to a temperature be- 
tween 95°C and 500°C. 

15. A method according to claim 13 or 14, in which the precipitate from step (c) is heated to a temperature 
between 300°C and 400°C. 



16. A method according to claim 13, 14 or 15, in which the precipitate from step (c) is heated for between 
hour and 12 hours. 



\ 17. A method for producing a layered met al oxide catalyst fo r use in oxidizing carbon monoxide comprising 
a noble metal layered upon a second metal oxide, comprising the steps of: 

(a) adding an aqueous solution of a salt of a first metal oxide to an aqueous solution of a base; 

(b) adding to the suspension of step (a) an aqueous solution of a salt of a second metal oxide; 

(c) adding an aqueous solution of formaldehyde; 

(d) adding an aqueous solution of a salt of a noble metal; 

(e) heating the precipitate resulting from step (d); and 

(f) isolating the precipitate, the metal oxides being titanium, chromium, iron, cobalt, nickel, copper, zinc, 
molybdenum, tungsten, or tin oxide, and the noble metal being at least one of gold, silver, platinum, pal- 
ladium, rhodium, ruthenium, osmium and iridium. 

18. A method according to claim 17, in which the precipitate from step (d) is heated to a temperature be- 
tween 95°C and 500°C. 

19. A method according to claim 17 or 18, in which the precipitate from step (d) is heated to a temperature 
between 300°C and 400°C. 

20. A method according to claim 17, 18 or 19, in which the precipitate from step (d) is heated for between 
1 hour and 12 hours. 

21. A method according to any of claims 13 to 20, in which in step (a) the base solution is added to th 
salt of the first metal oxide. 

22. A method according to any of claims 13 to 21 , in which the salt of the first metal oxide is at least on 
of cobalt (II) nitrate and iron (II) nitrate and the salt of the second metal oxide is at least one of cobalt (II) nitrate 
and tin (II) chloride, the second metal oxide being different from the first metal oxide. 

23. A method according to any of claims 13 to 22, in which the base is at least one of sodium bi carbon at , 
sodium hydroxide, potassium carbonate and lithium hydroxide. 

24. A method according to any of claims 13 to 23, in which a suspension of a support is first added to th 
aqeuous solution of the base. 

25. A method according to claim 24, in which the support is at least one of a ceramic, a zeolite, porous 
carbon, porous paper, and a metal mesh. 

26. A method according to any of claims 13 to 25, further comprising isolating the precipitate resulting from 
step (a) and adding it to the solution of step (b). 

27. A layered metal oxide catalyst used to oxidize carbon monoxide for use in a smoking article comprising 
a plurality of metal oxide layers, in which the metal oxides layers are of titanium, chromium, iron, cobalt, nickel, 
copper, zinc, molybdenum, tungster or tin oxide. 

28 A layered metal oxide catalyst according to claim 27 comprising a support material, two metal oxide 
layers and an outer noble metal layer, in which the support material is silicon dioxide, the first metal oxide layer 
is cobalt (II, III) oxide, the second metal oxide is tin oxide, and the noble metal is of gold, platinum, or mixturees 
thereof. 

29. A layered metal oxide catalyst according to claim 27, comprising a support material, two metal oxide 
layers and an outer noble metal layer, in which the support material is silicon dbxide, the first metal oxid layer 
is cobalt (ll.lll) oxide, the sec nd metal oxide layer is copper oxide, and the noble metal comprises platinum 
and rhodium. 
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